The marine bacterium Rhodopirellula baltica, a member of the phylum Planctomycetes, has distinct morphological properties and contributes to remineralization of biomass in the natural environment. On the basis of its recently determined complete genome we investigated its proteome by 2-DE and established a reference 2-DE gel for the soluble protein fraction. Approximately 1000 protein spots were excised from a colloidal Coomassie-stained gel (pH 4-7), analyzed by MALDI-MS and identified by PMF. The non-redundant data set contained 626 distinct protein spots, corresponding to 558 different genes. The identified proteins were classified into role categories according to their predicted functions. The experimentally determined and the theoretically predicted proteomes were compared. Proteins, which were most abundant in 2-DE gels and the coding genes of which were also predicted to be highly expressed, could be linked mainly to housekeeping functions in glycolysis, tricarboxic acid cycle, amino acid biosynthesis, protein quality control and translation. Absence of predictable signal peptides indicated a localization of these proteins in the intracellular compartment, the pirellulosome. Among the identified proteins, 146 contained a predicted signal peptide suggesting their translocation. Some proteins were detected in more than one spot on the gel, indicating post-translational modification. In addition to identifying proteins present in the published sequence database for R. baltica, an alternative approach was used, in which the mass spectrometric data was searched against a maximal ORF set, allowing the identification of four previously unpredicted ORFs. The 2-DE reference map presented here will serve as framework for further experiments to study differential gene expression of R. baltica in response to external stimuli or cellular development and compartmentalization.
The marine bacterium Rhodopirellula baltica, a member of the phylum Planctomycetes, has distinct morphological properties and contributes to remineralization of biomass in the natural environment. On the basis of its recently determined complete genome we investigated its proteome by 2-DE and established a reference 2-DE gel for the soluble protein fraction. Approximately 1000 protein spots were excised from a colloidal Coomassie-stained gel (pH 4-7), analyzed by MALDI-MS and identified by PMF. The non-redundant data set contained 626 distinct protein spots, corresponding to 558 different genes. The identified proteins were classified into role categories according to their predicted functions. The experimentally determined and the theoretically predicted proteomes were compared. Proteins, which were most abundant in 2-DE gels and the coding genes of which were also predicted to be highly expressed, could be linked mainly to housekeeping functions in glycolysis, tricarboxic acid cycle, amino acid biosynthesis, protein quality control and translation. Absence of predictable signal peptides indicated a localization of these proteins in the intracellular compartment, the pirellulosome. Among the identified proteins, 146 contained a predicted signal peptide suggesting their translocation. Some proteins were detected in more than one spot on the gel, indicating post-translational modification. In addition to identifying proteins present in the published sequence database for R. baltica, an alternative approach was used, in which the mass spectrometric data was searched against a maximal ORF set, allowing the identification of four previously unpredicted ORFs. The 2-DE reference map presented here will serve as framework for further experiments to study differential gene expression of R. baltica in response to external stimuli or cellular development and compartmentalization.
Introduction
Since the pioneering determination of the Haemophilus influenzae [1] and Mycoplasma pneumoniae [2] genomes, more than 250 complete genomes from bacteria have been reported (for detailed information see e.g., www.genomesonline.org). Even though a given genome represents the blueprint of life, there is a need for functional analysis on the transcriptional and proteomic level in order to define (i) which of the predicted genes can be expressed in principle, and (ii) the physiological conditions inducing their expression. In contrast to the numerous publicly available genome sequences, only few proteomes (protein maps) have been reported to date. Moreover, only a limited number of proteins is usually identified and annotated. Among the comprehensive protein maps are 2 Materials and methods
Growth of cells and preparation of soluble proteins
Cells of R. baltica (DSM 10527) were grown in mineral medium with ribose (10 mM), glucose (10 mM) or N-acetylglucosamine (10 mM) as sole source of organic carbon [32] .
Harvesting of cells was essentially performed as previously described [32] . Cells were harvested in the exponential growth phase by centrifugation (10 0006g, 15 min, 47C). The pellets were washed with 100 mM Tris/HCl pH 7.5 containing 5 mM MgCl 2 . Cell pellets were directly frozen in liquid nitrogen and stored at 2807C until cell breakage and 2-DE. Prior to cell breakage, pellets were resuspended in 1 mL lysis buffer (7 M urea, 2 M thiourea, 2% DTT, 2% CHAPS, 0.5% carrier ampholytes; Amersham Biosciences, Freiburg, Germany). Cell breakage was performed with the PlusOne  grinding kit (Amersham Biosciences) following the manufacturer's instructions. Removal of cell debris, DNA and membranes by centrifugation (100 0006g, 1 h, 157C) yielded the fraction of soluble proteins. The protein content of this fraction was determined using the method described by Bradford [33] .
2-DE, staining, and image acquisition
2-DE was essentially performed as described before [19, 32, 34] . In brief, IEF was performed using the IPGphor  system and 24 cm long IPG strips (linear pH gradient from 4 to 7; Amersham Biosciences), followed by equilibration of the gels with DTT and iodoacetamide. The second dimension separation was then performed using the Ettan  Dalt system (Amersham Biosciences) and gels made of 375 mM Tris/ HCl, 0.1% SDS and 12.5% Duracryl (Genomic Solutions, Ann Arbor, Michigan, USA). The protein load for preparative gels was 400 mg. Proteins were visualized using colloidal Coomassie (method modified from [35] ). For image acquisition the gels were digitalized with the Image Scanner (Amersham Biosciences).
Gel sample excision and processing
Excision and processing of the gel samples for PMF was performed as described previously [36] , with some modifications. Protein spots were sampled from the gel using an automatic excision workstation (Proteineer; Bruker Daltonics, Bremen, Germany). The excision head was equipped with a single needle with a diameter of 2 mm. The excised gel spots were delivered into 96-well polypropylene microtiter plates (MTP) (Costar Thermowell  , Cornis, NY, USA), pre-treated by punching two holes (d , 0.5 mm) in the bottom of each well. This preparation allows removal of the washing solutions and reagents used throughout the digestion procedure by simple flow-through centrifugation, while retaining the gel particles in the wells. To protect the pierced 96-well MTP from environmental contamination, they were placed in a second 96-well MTP and covered by a lid. The second MTP also serves as collector for liquid removed by centrifugation. To ensure that no liquid from the collection MTP reaches or contaminates the pierced MTP, a spacer was placed between these two MTP. Following excision, all liquid was removed from the gel pieces by centrifugation and the sample plates were stored at 2807C prior to further processing.
Prior to digestion the gel particles were washed by incubation for 2630 min in 100 mL 50% ethanol v/v. Following removal of the washing solution by centrifugation, residual water was expelled from the gel particles by incubation for 5 min in 100% ethanol. The sample plates were then placed without lid in a laminar flow-bench for 15 min to allow evaporation of the ethanol. An aliquot of freshly prepared, cooled trypsin (Roche, recombinant porcine) solution (5 mL, 10 ng/mL, 50 mM NH 4 HCO 3 , pH 7.8) was added to each sample. The sample plates were immediately placed in a refrigerator and incubated at 47C for 30 min. Thereafter, an aliquot of digestion buffer (50 mM NH 4 HCO 3 , pH 7.8) was added to each sample, and the MTP were placed in a humidified box and incubated for 4 h at 377C.
MALDI-MS
Protein digests were prepared for MALDI using the a-cyano-4-hydroxycinnamic acid affinity sample preparation technique described previously [37] . Mass analysis of positively charged ions was performed on an Ultraflex LIFT and a Reflex III instrument (Bruker Daltonics) operated in the reflector mode and using delayed ion extraction. Positively charged ions in the mass range 700-3 500 Da were analyzed.
Data processing and protein identification
The success rate and confidence of protein identification by PMF depends to a high degree on the accuracy of the mass measurement. High mass accuracy by MALDI-TOF MS was achieved by using internal reference compounds for spectra calibration. To calibrate the large number of spectra acquired in this study, the following procedure was developed. First, the acquired MALDI-TOF spectra were calibrated externally using a polynomial function according to a previously described procedure [38] . This calibration ensures a maximum error of 500 ppm over the entire MALDI sample support. For a subsequent internal mass correction, each spectrum was searched for signals corresponding to known reference compounds. Three peptides (Angiotensin I, MH In some cases a sufficient number of reference masses was not detected, and in other cases, an analyte signal with a molecular mass close to the reference compound was erroneously selected as a calibrant. For example, an analyte signal that partially overlapped with the trypsin autoproteolysis signal of m/z 842 510 was erroneously selected as a calibrant. The resulting standard deviation of the linear regression was 17.7 ppm, and the calibration thus discarded. Out of 384 spectra acquired on one MALDI sample support, 190 fulfilled the criteria for internal mass correction. The remaining 194 spectra were calibrated with background signals of unknown identity, as follows: using the internally calibrated spectra, a histogram was constructed of the abundance of signals with mass differences within Dm/z 0.05. Mass values within this interval, detected in .25 spectra in the data set were averaged and added to the list of reference masses. Using the new list of internal reference masses, the internal correction procedure was repeated with the remaining 194 spectra, this time with the requirement that at least six signals in each spectrum should match values in the calibrant list. Following this second round of internal correction, all the remaining spectra were successfully calibrated.
The presence of background signals in the spectra decreases the specificity of the database search. Background signals were assigned as described in the previous section, and removed from the data set. In addition, sodium-and potassium-cationized molecular ions, appearing as satellite signals to the protonated peptide molecular ion signal with Dm/z 21 982 and 38.090, respectively, were removed.
Database searching was performed using the software MASCOT (Matrix Science, London, UK) [39] . The published ORF set of R. baltica (BX119912) was searched using the following settings: mass error tolerance: 50 ppm; fixed modifications: Cys-carbamidomethylation; variable modifications: oxidation; one tolerated missed cleavage. Under these conditions, a probability based MOWSE score .51 was considered significant (p , 0.05).
Generation of theoretical 2-DE gels
The published ORF set of R. baltica (Acc. BX119912) was used to create the theoretical 2-DE gels. M r and pI were calculated for each predicted protein using the program pepstats from emboss (www.hgmp.mrc.ac.uk/Software/EMBOSS) [40] . The annotation of the published ORF set was scanned for the keywords "conserved hypothetical" and "hypothetical" in the product key of the description, generating the conserved hypothetical and hypothetical groups. The remaining proteins were sorted into the group assigned function.
Construction of a maximal ORF set
In order to identify proteins encoded by genes that are not present in the published ORF set of R. baltica (BX119912), the following strategy was employed. Based on the genomic sequence of R. baltica, a new ORF set was constructed by means of a PERL script according to the following steps. First, the positions of all stop codons in the genome were determined. For each stop codon, all theoretically possible reading lengths with a minimal ORF length of 102 bases were calculated by extending their sequences from the stop codon to all possible start codons detectable until the next stop codon. The resulting ORF list, denoted Maximum ORF Set (MOS), comprised 578 949 sequences and represents the maximal coding capacity of the genome. The MOS was translated into amino acid sequences and used as database for protein identification by PMF using data from all three analyzed 2-DE gels, as described in the Section 3.
Signal peptides and gene expression levels predictions
Signal peptides were predicted by analyzing each theoretical protein encoded by the R. baltica genome with the program SignalP 2.0 [41] . From this data set proteins were extracted which corresponded to identified 2-DE-separated proteins by means of a custom PERL script (using the GenDB system) [42] . Proteins with SignalP scores .0.75 were considered as potentially translocated. Expression level prediction based on codon usage optimization was calculated for each gene in the R. baltica genome according to the method described by Karlin et al. [43] . Highly expressed reference genes including ribosomal proteins, translation factors and chaperonins were extracted from the published annotation of R. baltica [26] .
3 Results and discussion
Comparison of theoretical and experimental proteome
Three different theoretical proteome maps of R. baltica were created: one for proteins with "assigned function" (Fig. 1A) , one for "conserved hypothetical" proteins ( Fig. 1B) and one for "hypothetical proteins" (Fig. 1C) . Proteins with assigned function are homologous to proteins with known functions. Conserved hypothetical proteins cannot be assigned to any function, however they have homologs in genomes of other organisms. Hypothetical proteins are also of unknown function, but they are to date not known from any organism other than R. baltica. An overlay of these three maps represents the complete theoretical proteome map predicted from the annotated genome sequence. Remarkably, it shows a different isoelectric distribution pattern than those of previously reported bacterial and archaeal proteomes [44, 45] . Typically, prokaryotic theoretical proteome maps display a bimodal distribution with two protein-rich areas in the acidic and alkaline ranges, separated by a pronounced protein-depleted area around pH 7. In contrast, R. baltica displays a trimodal distribution with a third area of protein abundance in the neutral range. A protein peak around pH 7 has previously only been described for eukaryotic proteomes [45] . It is assumed that the bi-or trimodality of protein pI reflects the subcellular localization of the proteins. While cytoplasmic proteins typically have pI values of around 5, integral membrane proteins tend to have pI values of around 9. Proteins belonging to these two groups can be found in all genomes in large numbers. The nuclear proteins apparently form the third cluster in eukaryotic proteomes [45] . While a large number of proteins with neutral pI are predicted, the analyzed 2-DE gel ( Fig. 1D-F, Fig. 2B and D) reveals only a limited number of proteins close to pH 7. Notably, the theoretical proteome of R. baltica contains a large number of predicted proteins with pI higher than 10, while the alkaline proteins of well-studied bacteria such as E. coli center around pI 9.
Functions could be assigned to only 32% of the predicted proteins of R. baltica. Out of these, the majority is predicted to fall into the acidic region of the theoretical 2-DE gel. Thus, the applied IEF conditions are apparently well suited to study this group of proteins. For the conserved hypothetical proteins (amounting to 14% of the predicted proteins) a similar situation was observed.
More than half (54%) of all predicted proteins belong to the hypothetical proteins, which are unique to R. baltica. However, these proteins are apparently under-represented in the set of proteins identified in this study. The theoretical 2-DE gel displayed in Fig. 1C reveals that the majority of hypothetical proteins have theoretical pI above 7, in fact, 37% of them have pI of greater than 10. Since a pH gradient from 4 to 7 was used in this study, these alkaline proteins could not be detected. Remarkably, many of the predicted alkaline proteins have rather low molecular mass (below 10 kDa), probably hampering their isolation by conventional 2-DE. A contribution of ORF overprediction to the high number of hypothetical proteins cannot be excluded at present. Nevertheless, it is tempting to speculate that R. baltica recruits hypothetical proteins for specific functions, e.g., in cellular development or translocation of proteins and solutes across the complex membrane structure.
Master gel
The soluble protein fraction of R. baltica grown under standard conditions was visualized using 2-DE with immobilized pH gradients from 4 to 7. This fraction should represent the major part of the cytosolic proteins. Under these conditions, approximately 2000 proteins of R. baltica can be separated and detected, when highly sensitive protein stains such as silver or fluorescent dyes are applied (see accom- Since some 30 proteins occurred as at least two spots, the actual number of distinct identified ORFs amounted to 558. The identified proteins were annotated in the master gel sections with the published gene numbers ( Fig. 2A-D) and grouped according to functional categories (Table 1) . Predicted functions of each identified protein are given in Table 2 . To verify the identifications of the master gel, 2-DE and MS analysis of cells grown with glucose and N-acetylglucosamine, respectively, were analyzed in parallel (Table 2) . Among the 558 identified gene products 301 (54%) were identified from at least two independent 2-DE gels.
Newly developed software was used for processing of the calibrated mass spectrometric data. This included filtering of sodium and potassium adduct signals, filtering of non-peptidederived masses, filtering of signals derived from known contaminants such as trypsin autoproteolysis products, and statistical filtering of frequently occurring m/z values representing unknown gel sample contaminants. This processing improves the quality of the input data for the database search, thereby increasing the number of identified proteins and their respective scores. For example, in a subset of 384 samples prepared on one MALDI target, 205 spectra (53%) resulted in a significant identification score when filtering of the data was not applied. With filtering, the number of significant identification results increased to 262 (68%). Concomitantly, the average MOWSE score of the identified proteins increased from 99 to 119, thereby improving the certainty of the identification results. 
Proteins with functional assignment
Functions could be assigned to the majority (366) of the identified proteins. These proteins were classified according to their predicted functions into nine categories ( Table 1 ). The category "metabolism" was further divided into eight sub-categories ( Table 2 ). The sub-category "sulfatases" was used, since the presence of 110 sulfatase-encoding genes was one of the major unexpected findings from the annotation of the R. baltica genome [26] , 10 of which were identified on the gel. The pattern of identified proteins displayed in Fig. 2 is typical of exponentially growing cells, with the most abundant proteins involved mainly in housekeeping functions, e.g., GAPDH (RB2627) of glycolysis, malate dehydrogenase (RB7652) of tricarboxic acid cycle, glutamate synthase (RB5653) of amino acid biosynthesis, protease (RB9402) of protein quality control and translation. The fact that several proteins existed as more than a single spot could point to thus far unknown post-translational modifications. In particular, proteins with high molecular weight formed chains with the same M r but differing pI. 
Hypothetical and conserved hypothetical proteins
About 18% of the identified proteins represent predicted hypothetical proteins that are apparently unique to R. baltica. Thus the present study for the first time provides experimental evidence that genes coding for hypothetical proteins are actually expressed under standard growth conditions and consequently have to be considered relevant for the physiology of R. baltica. Conserved hypothetical proteins constitute about the same percentage of identified proteins. In both cases no functions could be assigned. Nevertheless, the hypothetical proteins could be of particular interest with respect to the cell cycle and unusual morphological features of R. baltica, which may require the activity of thus far unknown proteins.
Identification of unpredicted proteins
Initial analysis of the R. baltica genome sequence with three different ORF prediction programs (Orpheus, Glimmer, and Critica) generated a non-redundant set of 13 331 predicted ORFs. Manual removal of presumably overpredicted ORFs resulted in the published set of 7325 ORF (BX119912) [26] . Thus, the possibility exists that ORFs were initially not predicted or were erroneously removed during manual refinement. This possibility was compounded by the observation that several PMFs with abundant signals did not result in identification of a protein.
As a first attempt to identify proteins encoded by genes that were not present in the predicted ORF set, the PMF data were searched against an amino acid sequence database translated from a Maximal ORF Set (MOS); a highly redundant set consisting of 578 949 sequence entries, designed to contain all possible genes and all possible reading lengths thereof. To reduce the number of false positive results, identifications for which the experimental and calculated molecular weight differed by .30% were discarded. This database search retrieved four proteins with scores .51, which are listed in Table 3 . All of the newly identified genes code for hypothetical proteins, which are surrounded by further hypothetical or conserved hypothetical proteins in the genomic context. For example, ORF 9191 from MOS was identified with a MASCOT score of 101 and sequence coverage of 62%. The position of the corresponding spot on the 2-DE gel was used as a guide to suggest the ORF length by defining the probable start codon. The product of ORF 9191 is therefore predicted to have a molecular mass of 25 kDa. These results indicate that PMF is not necessarily restricted to identification in protein databases, but can also be used to refine ORF prediction. However, future analysis should include MS/MS to verify the identity of the additional proteins.
Signal peptides and protein localization
As observed with other described Planctomycetes, cells of R. baltica contain membrane-separated intracytoplasmic compartments [31] . The internal region is termed pirellulosome and contains the riboplasm with ribosome-like particles and the condensed nucleoid (Fig. 3) . The region between the intracytoplasmic and cytoplasmic membranes contains the paryphoplasm that harbors some RNA but no ribosomelike particles. The finding that ribosome-like particles are confined to the riboplasm suggests that protein biosynthesis only takes place in this compartment. Due to the cellular compartmentalization in R. baltica an extensive protein translocation can be expected. Table 2 . Predicted functions of proteins annotated in the master gel (see Fig. 2A-D 
Addendum in proof
A recent proteomic study revealed growth phase dependent regulation of protein composition in R. baltica (Gade, D., Stührmann, T., Reinhardt, R., Rabus, R., Environ. Microbiol. 2005, 7, 1074-1084).
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